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Sex determination in C. elegans is controlled by the TRA-1 zinc finger protein, a Ci/GLI homolog that promotes female cell fates
throughout the body. The regulatory hierarchy that controls TRA-1 is well established, but the downstream effectors that establish sexual
dimorphism during larval development remain largely unknown. Here, we describe the use of cDNA microarrays to identify sex-enriched
transcripts expressed during three stages of C. elegans larval development. By excluding previously identified germline-enriched transcripts,
we focused on somatic sexual development. This approach identified a large number of sex-enriched transcripts that are good candidates to
encode regulators of somatic sexual development. We found little overlap between genes with sex-enriched expression in early versus late
larval development, indicating that distinct sexual regulatory programs operate at these times. Genes with sex-enriched expression are found
throughout the genome, with no strong bias between autosomes and X chromosomes. Reporter gene analysis revealed that these genes are
expressed in highly specific patterns in a variety of sexually dimorphic cells. We searched for TRA-1 consensus DNA binding sites near
genes with sex-enriched expression, and found that most strongly sex-enriched mRNAs are likely to be regulated indirectly by TRA-1. These
results suggest that TRA-1 controls sexual dimorphism through a small number of intermediary regulators rather than by acting directly on
the full constellation of genes involved in sex-specific differentiation.
D 2005 Elsevier Inc. All rights reserved.Keywords: Sex determination; Sex-enriched; Sexual dimorphism; tra-1; C. elegansIntroduction
The two sexes of the nematode C. elegans, the male and
the self-fertile hermaphrodite, are highly sexually dimor-
phic. At hatching, the two sexes are nearly identical,
differing mainly in the sex-specific survival of two
hermaphrodite and four male neurons. However, the
subsequent developmental programs in the two sexes are
very different, with sex-specific patterns of cell migrations,
divisions and differentiation. The highly sex-specific devel-
opment of this simple model metazoan allows detailed
investigation of the mechanisms underlying the generation
of sexual dimorphism.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.05.017
* Corresponding author. Fax: +1 612 626 7031.
E-mail address: zarkower@gene.med.umn.edu (D. Zarkower).A number of genes have been identified that are required
for sex-specific development of various tissues, notably the
hermaphrodite vulva and the male tail (Ferguson and
Horvitz, 1985; Lints and Emmons, 2002; Portman and
Emmons, 2004). However, the mechanisms that establish
many aspects of sexual dimorphism remain poorly under-
stood, particularly in males, which have been less exten-
sively studied.
Sex determination in C. elegans is controlled by the
number of X chromosomes (XX = hermaphrodite; XO =
male) acting through a series of regulatory genes to
determine the activity of the tra-1 gene. The pathway
controlling tra-1 is a global pathway in the sense that it
regulates sexual differentiation in all tissues and organs.
tra-1 encodes a zinc finger transcription factor homol-
ogous to Ci of Drosophila and GLI of vertebrates84 (2005) 500 – 508
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1 acts as a transcriptional repressor to promote female
development (Conradt and Horvitz, 1999; Yi et al., 2000).
To date, only two direct targets of TRA-1 have been
identified, mab-3 and egl-1. These two genes illustrate the
potential diversity of TRA-1 targets. mab-3 is a regulator of
several aspects of male sexual development and behavior,
and functions in the nervous system, musculature and
intestine. In the hermaphrodite intestine, mab-3 transcrip-
tion is directly repressed by TRA-1 to permit yolk
production, whereas in other tissues, mab-3 is regulated
indirectly by TRA-1 or is expressed in both sexes (Yi et al.,
2000). mab-3 functions exclusively as a sexual regulator. By
contrast, egl-1 is a general cell death activator controlling
somatic programmed cell deaths in both sexes of C. elegans
(Conradt and Horvitz, 1998). TRA-1 represses egl-1 in the
two HSN neurons in hermaphrodites, thereby preventing
their death while leaving most other cell deaths unaffected
(Conradt and Horvitz, 1999). It is unknown which of these
targets, the dedicated sexual regulator mab-3, or the general
regulatory factor egl-1, is more typical of the genes TRA-1
controls.
The extensive sexual dimorphism of C. elegans and its
control by a sex-specific transcriptional regulator make
mRNA expression profiling a potentially informative
approach. It should be possible to identify effectors of
sexual differentiation that act in a variety of cell types,
among which might be direct targets of TRA-1. Previous
studies have identified sex-enriched transcripts in adults
(Jiang et al., 2001; Reinke et al., 2004). However, no large-
scale study has been conducted to identify sex-enriched
transcripts during larval development, the period during
which most sexual dimorphism is generated. Here, we
report the use of cDNA microarrays representing 92% of the
predicted genes (18010 of 19546 annotated protein-encod-
ing genes) in the C. elegans genome to assay sex differential
gene expression during three stages of larval development.
These experiments identified 364 sex-regulated transcripts
that exhibit at least a two-fold enrichment in one sex,
representing about 2% of the genes assayed. Among these
genes are likely to be regulators of a variety of sexually
dimorphic features.Materials and methods
Nematode strains and cultures
C. elegans strains were maintained as previously
described (Brenner, 1974). The following strains were used
in this study: CB5362: tra-2 (ar221ts) II; xol-1(y9) X;
TY1807: xol-1(y9) X; Bristol strain N2.
To generate large numbers of synchronized males, tra-
2(ar221ts); xol-1(y9) cultures were grown at the permissive
temperature of 15-C on 150 mm NGM plates seeded with a
lawn of E. coli. Gravid adult hermaphrodites were bleachedand recovered eggs were allowed to hatch overnight in the
absence of food to synchronize the population. Arrested L1
worms were then transferred to NGM plates seeded with E.
coli and staged during development using Nomarski optics
to score the size and shape of the gonad, vulval development
and nervous system formation. When animals reached the
desired stage, they were washed from the plates and frozen
at 80-C. Large numbers of synchronized hermaphrodites
were generated using either N2 or xol-1 following a similar
strategy. For each stage, we grew and isolated four
independent replicates.
RNA isolation, cDNA synthesis, microarray hybridization
and data analysis
Total RNAwas prepared from frozen worm pellets using
Trizoli (Invitrogen) extraction and mRNAwas isolated by
oligo-dT cellulose (Ambion) affinity purification on Biorad
minicolumns according to manufacturer’s instructions.
Labeled cDNA probe was prepared and samples were
hybridized as previously described (Reinke et al., 2000).
Microarrays were constructed as previously described (Jiang
et al., 2001). Statistical analysis was performed using a
Student’s t test on one population.
Subtractive hybridization
Subtractive hybridization was performed using the PCR-
Selecti cDNA subtraction kit (Clontech), according to the
manufacturer’s instructions. Briefly, male mRNAs
(‘‘tester’’) and hermaphrodite mRNAs (‘‘driver’’) were
converted into cDNAs and then digested with RsaI to
obtain shorter, blunt ended molecules. The ‘‘tester’’ cDNA
was divided into 2 populations and each population ligated
to a different adaptor. The ‘‘tester’’ cDNA was then mixed
with an excess of ‘‘driver’’ cDNA, heat denatured and
allowed to anneal. Any remaining single-stranded cDNAs
should be enriched for male-specific sequences. The two
samples from the first hybridization were mixed together
and fresh denatured ‘‘driver’’ DNA was added to further
enrich for differentially expressed sequences. Hybrid
molecules consisting of differentially expressed cDNAs
with different adaptors on each end were then amplified and
sequenced.
Reporter genes and transgene arrays
For each reporter, we amplified by PCR a genomic
fragment containing upstream sequence (generally 2–4 kb
or up to the flanking gene) and the first few exons of
predicted coding sequence. This fragment was then cloned
into the appropriate pPD95 GFP vector (gift of A. Fire).
Reporter constructs were co-injected with pRF4 into a
him-8 strain as previously described (Mello and Fire,
1995). At least 2 transgenic lines were obtained for each
construct. Expression patterns were based on observation
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construct.
Transgenic arrays containing reporter genes are as
follows: ezEx94 (K09C8.2); ezEx99 (W10G11.14); ezEx92
(F58A4.1); ezEx84 (R01E6.5); ezEx69 (ZK596.1); ezEx81
(Y39B6B.X); ezEx82 (C49C3.12).
TRA-1 binding site search
The TRA-1 consensus binding site has been character-
ized both by in vitro selection from random sequences and
by in vivo studies of target genes (Conradt and Horvitz,
1999; Yi et al., 2000; Zarkower and Hodgkin, 1993). The
entire C. elegans genome was searched for potential TRA-1
binding sites using weighted matrix searches based on both
in vitro and in vivo binding site data. The weighted matrix
searches were designed such that each position was scored
by how well it matched the preferred base at that position
(M. Sohrmann, unpublished results). The most stringent
search identified 362 (E value = 0.025) potential TRA-1
binding sites in C. elegans located within five kilobases
upstream or downstream of predicted genes. The C.
briggsae genome sequence (approximately 25% annotated)
was then searched for conservation of an upstream TRA-1
binding site near the orthologous gene.Results
Identification of somatic sex-regulated genes
To identify sex-enriched larval mRNAs, we used cDNA
microarrays to compare expression between synchronized
larval populations of phenotypic males and hermaphrodites.
We generated pure populations of phenotypic males using a
strain carrying a temperature-sensitive allele of tra-2 and a
xol-1 mutation to enhance the masculinization of these
males (Miller et al., 1988). At 15-C, tra-2(ar221ts); xol-
1(y9) mutants are self-fertile XX hermaphrodites, whereas
at 25-C they are strongly masculinized, fertile XX
pseudomales. Since tra-2 acts upstream of tra-1 and the
intervening genes in the pathway are not sex-differentially
expressed, we should identify only genes that act down-
stream of tra-1. A caveat to this strategy is that while tra-2;
xol-1 males are indistinguishable in morphology and
behavior from wild-type males, it remains possible that
they are not fully masculinized.
We compared gene expression between synchronized
populations of tra-2; xol-1 XX phenotypic males and either
N2 or xol-1 XX hermaphrodites during the L2, L3 and L4
larval stages (see Methods). An mRNA was considered to
have ‘‘sex-enriched’’ expression if it showed at least a two-
fold enrichment within a 99% confidence interval (P <
0.01). This approach identified a total of 364 sex-enriched
genes expressed during the L2 through L4 larval stages (see
Supplemental Data for list of genes with sex-enrichedexpression). In parallel, we used a cDNA subtractive
hybridization method to identify sex-enriched mRNAs
expressed in L4 (Materials and methods). This approach
identified four male-enriched transcripts, all of which also
were detected by our microarray experiments.
To distinguish which mRNAs are expressed in the soma
versus the germ line, we compared our data set to existing
data sets of germ line-enriched mRNAs (Reinke et al.,
2004). Removal of germline-enriched mRNAs from the data
set identified a total of 271 likely somatically-expressed
mRNAs, of which 220 are male-enriched and 51 are
hermaphrodite-enriched. By the criteria used here, sex-
enriched somatic mRNAs represent just 1.5% of the total
mRNAs assayed in larvae, as compared to 4.9% in the adult
(Reinke et al., 2004).
Male-enriched mRNAs
Our experiments identified a total of 220 male-enriched
somatic mRNAs expressed in larval development between
L2 and L4. Among these, only 13 have been previously
characterized by mutational analysis, suggesting that we
may have identified a number of previously unknown
effectors of sexual dimorphism. Many of the male-enriched
somatic mRNAs detected are likely to act relatively late in
sexual differentiation, as a majority (135/220, 61%) of the
putative somatic mRNAs are not male-enriched prior to L4.
Indeed, almost no overlap exists between the sets of male-
enriched mRNAs detected at each of the larval stages
examined in this study. However, the somatic male-enriched
mRNAs in L4 identified in this study overlap considerably
with adult somatic male-enriched mRNAs identified in a
separate study (Reinke et al., 2004): 62% (87/141) of
somatic male-enriched L4 mRNAs also are male-enriched in
adults (Fig. 1A). These observations suggest that we have
detected a male developmental program in L4 larvae that
continues in adults.
Strikingly, 72% (41/57) of the L3 male-enriched mRNAs
we detected have previously been identified as sperm-
enriched (Reinke et al., 2004). A likely explanation for the
sex bias observed in this study is the temporal difference in
the onset of sperm production between the sexes, which
occurs approximately one-half larval stage earlier in males
than hermaphrodites (Kimble and Ward, 1988). Thus, some
genes that function in spermatogenesis are turned on during
L3 in males but not until L4 in hermaphrodites. Indeed, 40
of the 41 L3 male-enriched sperm mRNAs we detected are
induced in hermaphrodites in early L4 and downregulated at
the end of L4 (Reinke et al., 2004).
Hermaphrodite-enriched mRNAs
In contrast to the 220 somatic male-enriched mRNAs we
detected, our experiments identified a total of 51 somatic
hermaphrodite-enriched mRNAs expressed during larval
development (Table 1, Fig. 1B). The preponderance of
Fig. 1. Categories of larval sex-regulated genes based on previous array experiments. (A) L4 male-enriched genes. (B) L4 hermaphrodite-enriched genes. Sex-
regulated genes for each larval stage were placed in categories according to previous array experiments that compared adult males and hermaphrodites or wild-
type worms with worms lacking a germline (Reinke et al., 2004). The categories are defined as by Reinke et al. (2004) and are as follows: genes with
differential expression in glp-4(bn2) males versus glp-4(bn2) hermaphrodites are termed ‘‘male soma’’ or ‘‘hermaphrodite soma’’, respectively (glp-4(bn2)
mutants lack most germ cells); genes with increased expression in glp-4(bn2) versus wild-type are termed ‘‘somatic’’; germline-enriched genes with increased
expression in hermaphrodites producing only sperm or only oocytes are termed ‘‘sperm’’ or ‘‘oocyte’’; genes with male germline-enriched expression that were
not enriched in the hermaphrodite germ line are termed ‘‘male germline’’; genes that were male-enriched in comparison of him-5 males versus wild-type
hermaphrodites but not sex-enriched in comparisons of glp-4(bn2) animals are termed ‘‘male-enriched’’; hermaphrodite germline-enriched genes with no
significant difference between spermatogenesis and oogenesis are termed ‘‘germline-enriched’’; genes that showed no regulation in mutants or adult sex-
regulated experiments are termed ‘‘unknown’’.
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transcriptional repressor that is active in hermaphrodites (see
Discussion). It might also derive in part from a higher
proportion of sexually specialized cells in males relative to
hermaphrodites (Kimble and Hirsh, 1979; Sulston et al.,Table 1
Hermaphrodite microarray results
ORF Gene Stage Ratio In situ RNAi
phenotype
Hermaphrodite-enriched somatic genes with in situ pattern in database
F40F4.2 lbp-2 L4 2.2 muscle wt
C34D10.2 zinc finger L4 3.7 intestine wt
F52H3.1 let-268 L4 2.1 soma and
germline
bmd, lvl,
rup
F32H2.5 FA synthase L4 2.1 somatic
gonad
emb
F36A2.3 Malate
dehydrogenase
L4 2.1 no staining wt
C44B12.5 Novel L4 2.6 germline emb
F49E12.1 Peroxidase L4 2.6 soma wt
F02A9.3 far-2 L3 2.3 broad
nonspecific
wt
F09F7.4 enoyl CoA L3 2.4 soma and
germline
wt
C34D10.2 zinc finger L3 2.7 intestinal wt
F28F8.2 fatty acid ligase L3 4.8 intestinal wt
C09H5.2 Na+/K+ATPase L2 2.1 somatic wt
W03F9.4 Acyltransferase L2 2.1 germline wt
F54E2.4 pqn-4 L2 2.0 muscle wt
‘‘ORF’’ indicates the sequence-based gene name. ‘‘Gene’’ indicates the gene
name or description. ‘‘Stage’’ refers to the stage of sex-enriched expression.
‘‘Ratio’’ indicates the fold enrichment hermaphrodite over male. ‘‘In situ’’
refers to data obtained from the Kohara expression database (http://
nematode.lab.nig.ac.jp.) where only hermaphrodite expression patterns are
represented. ‘‘RNAi phenotype’’ indicates results from genome-wide
hermaphrodite RNAi screen performed by the Ahringer lab (www.
wormbase.org) bmd, body morphology defect; lvl, larval lethal; rup,
rupture; emb, embryonic lethal.1980). Similar to the male-enriched mRNAs, a majority (30/
51, 59%) of somatic hermaphrodite-enriched mRNAs are
expressed in the fourth larval stage. Of these, 37% (11/30)
also are differentially expressed in adults. The available in
situ hybridization patterns are consistent with these mRNAs
acting later in sexual differentiation, as they show restricted
expression domains in sexually dimorphic tissues including
muscle, intestine and somatic gonad (Table 1).
Chromosomal distribution of larval sex-regulated genes
Recent studies in worms, flies and mice have revealed
that some classes of genes with sex-biased function can
show biased localization on sex chromosomes or autosomes
(Kelly et al., 2002; Khil et al., 2004; Parisi et al., 2003;
Reinke et al., 2004). In particular, genes with germline-
enriched expression are underrepresented on the X chro-
mosome while female-biased somatic genes are enriched on
the X chromosome. In addition, genes with male-biased
somatic expression have been found to be underrepresented
on X in flies and mice, although no similar bias was
observed in adult worms (Reinke et al., 2004). We examined
the chromosomal distribution of genes with larval somatic
sex-enriched expression, but did not detect any convincing
bias, either in L4 (Fig. 2) or earlier stages (not shown).
Expression analysis of differentially expressed genes
The number of independent comparisons performed and
stringent statistical criteria applied should ensure that the
majority of mRNAs detected as sex-enriched are correctly
identified. To validate our data, we performed two tests.
First, we used RNA blots to assess the differential
expression of the four genes detected by both microarray
and cDNA subtraction strategies (Y39B6B.X, C49C3.12,
R01E6.5, T10D4.4). These data confirmed that all four are
Fig. 2. Chromosomal distribution of L4 somatic sex-enriched genes. Chromosomes are depicted from left to right to represent the physical map. Red bars
represent the location of male genes and green bars represent hermaphrodite genes. Chromosome lengths have been normalized.
K. Thoemke et al. / Developmental Biology 284 (2005) 500–508504strongly male-enriched in L4 (data not shown). Second, we
constructed GFP reporter transgenes for a number of
differentially expressed genes and analyzed their expression
in the two sexes (Fig. 3; Table 2C).
We selected genes for expression pattern analysis with
emphasis on three categories: transcription factors, regu-
latory proteins and novel genes (Fig. 4). Because the
majority of sex-enriched mRNAs detected are male-
enriched (see below), we focused on this class. Of twelve
reporters for genes with male-enriched expression detected
in L4 array experiments, nine were expressed only in males,
one was expressed in both sexes and two failed to express
GFP. Tissues showing sex-enriched expression included
muscle, nervous system and the somatic gonad, and most
expression patterns were restricted to a small number of
sexually specialized cells (Fig. 3). Although the number of
reporters analyzed is small, it is clear that the differential
expression of these genes is not limited to any particular
tissue or organ. Further, the highly restricted spatial and
temporal expression patterns observed in L4 suggest that a
majority of male-enriched genes expressed at this stage areFig. 3. GFP reporter expression for genes with L4 male-enriched somatic expr
dimorphic tail structures. Expression of selected male-specific GFP reporters is sh
R01E6.5 and ZK596.1 (spicule associated cells), Y39B6B.X and W10G11.14 (m
(seminal vesicle valve cells) and F58A4.1 and C49C3.12 (vas deferens).involved in relatively specific aspects of sexual differ-
entiation (Table 2C).
We also constructed sixteen reporters for genes with
male-enriched L2 expression. In contrast to the reporters
based on L4 data, ten of the sixteen reporters for L2 genes
expressed in a sex non-specific pattern, five failed to express
GFP, and only one, peb-1::gfp, showed any sex-differential
expression (Table 2C). peb-1 is a pharyngeal transcription
factor that is widely expressed elsewhere in both sexes, with
expression in subsets of sex-specific cells in both sexes
(vulva in hermaphrodites versus rectal epithelial cells and
rays in males). The lack of overt male-specificity seen with
these reporters is supported by the presence in databases of
in situ hybridization in the hermaphrodite soma for 32%
(21/65) and in the hermaphrodite germ line for 14% (9/65)
of the male-enriched L2 genes. Although the reporters we
tested for genes with L2 sex-enriched mRNAs have similar
expression patterns in both sexes, it is likely that some of the
mRNAs detected in L2 are more abundant in one sex than
the other. For example, far-3, which we detected as male-
enriched in L2, has been reported to be expressed at higheression. Cartoon depicts adult male showing somatic gonad and sexually
own, including. K09C8.2 (seminal vesicle and subset of vas deferens cells)
ale tail cells including sex muscles and spicule associated cells), R03H10.4
Table 2
Male microarray results
ORF Gene Stage Ratio In situ Reporter
(A) Previously known male-enriched genes showing enrichment by
microarray
C37H5.10 cwp-1 L4 2.48 – male raysa
C37H5.11 cwp-2 L4 3.18 – male raysa
C08C3.1 egl-5 L4 2.02 – male sex
muscles,
gonadb
F15B9.1 far-3 L2 3.68 – –
Y53C12B.5 mab-3 L4 2.02 no staining male rays,
intestine;
seam in
both sexesc
T24C2.1 ram-5 L4 3.51 – male raysd
(B) Previously known male-enriched genes that failed to show
male-enriched expression by microarray
C34C6.8 ceh-7 L4 0.995 – male
B-derived
rectal cellse
ZK287.8 her-1 L4 1.23 – –
ZK945.9 lov-1 L4 1.04 – male ray
neurons,
CEM, HOBf
T27A1.6 mab-9 L4 0.86 – male
proctedeumg
AH6.4 sra-1 L4 0.81 – male ray
neurons,
CEM, HOBh
(C) Male-enriched somatic genes tested for sex-enriched expression by
GFP reporter analysis
Y39B6B.X Novel L4 20.37 – male spicule
muscle
C49C3.12 C-lectin L4 15.48 no staining male
gonad
T10D4.4 Insulin L4 15.46 no staining male
gonad
M176.5 Novel L4 12.70 embryonic both sexes
pharynx
and neurons
R01E6.5 Novel L4 9.137 vulva (A) male spicule
neuron
F58A4.5 c-lectin L4 8.280 germline (A) male vas
deferens
K09C8.2 Novel L4 4.17 no staining male
seminal
vesicle and
vas deferens
R03H10.4 cytochrome c L4 3.70 – male seminal
vesicle valve
T26A8.3 Novel L4 3.63 – male vas
deferens
W04G3.1 Calycin L2 3.27 – both sexes
amphids
W04G3.3 Calycin L2 3.18 muscle
(L3–L4)
both sexes
body
wall muscle
W04G3.2 Calycin L2 3.03 soma
(Emb-A)
both sexes
seam
R08E5.3 Metheltrans L2 2.92 intestine
(L1-A)
both sexes
intestine
T27A10.6 Novel L2 2.85 seam
(L2–L4)
both sexes
seam
ORF Gene Stage Ratio In situ Reporter
(C) Male-enriched somatic genes tested for sex-enriched expression by
GFP reporter analysis
ZK1290.8 wrt-10 L2 2.79 intestine
(L2–L4)
both sexes
intestine
H04M03.4 Novel L2 2.68 muscle
(L3–L4)
both sexes
unidentified
anterior
neurons
T14F9.4 peb-1 L2 2.22 pharynx/
gonad
(L2-A)
both sexes
pharynx;
male tail;
herm vulva
F16H6.1 C-lectin L2 2.04 – both sexes
unidentified
anterior
neurons
‘‘ORF’’ indicates the sequence-based gene name. ‘‘Gene’’ indicates the gene
name or description. ‘‘Stage’’ refers to the stage of sex-enriched expression
by larval microarrays. ‘‘Ratio’’ indicates the fold enrichment male over
hermaphrodite. ‘‘In situ’’ refers to data obtained from the Kohara expression
database (http://nematode.lab.nig.ac.jp.) where only hermaphrodite expres-
sion patterns are represented; the stage in which expression is observed in
the hermaphrodite is listed in parentheses. ‘‘Reporter’’ indicates cell or
tissue types in which we observed expression of GFP reporter constructs or
published expression patterns as noted.
a Portman and Emmons, 2004.
b egl-5::gfp has a broad expression domain in both sexes; these tissue
show male-specific expression. Ferreira et al. (1999).
c Yi et al. (2000).
d Yu et al. (2000).
e Kagoshima et al. (1999).
f Barr and Sternberg (1999).
g Woollard and Hodgkin (2000).
h Troemel et al. (1995).
Table 2 (continued )
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2003).
To help estimate how efficiently our analysis detected
sex-differential transcripts, we also examined our results for
eleven genes previously shown to have male-enriched
somatic expression in larvae (Table 2A, B). In microarray
experiments, six of these genes met our statistical criteria to
be considered differentially expressed. Thus, these experi-
ments have likely identified a significant proportion of
genes with male-enriched larval expression. How efficiently
we identified genes with hermaphrodite-enriched expression
is harder to estimate because most available expression
databases and published studies of individual genes do not
include male expression; accordingly, few genes are known
to have hermaphrodite-enriched somatic expression.
Searching for direct TRA-1 targets
TRA-1 is a transcription factor that controls all aspects of
sexual differentiation in C. elegans. The sex-enriched
mRNAs we detected might include some whose expression
is controlled directly by TRA-1. Indeed, we detected male-
enriched expression of one of the two known direct TRA-1
targets, mab-3, as male-enriched. The other known TRA-1
Fig. 4. Functional categories of larval sex-regulated genes. Genes were assigned a functional category using Gene Ontology molecular function annotation
(www.geneontology.org), A) L4 male-enriched somatic genes (n = 147). B) L4 hermaphrodite-enriched somatic genes (n = 57). The ‘‘unknown’’ category
includes both genes that were assigned as ‘‘domain of unknown function’’ by gene ontology and those that were annotated as ‘‘unknown’’ in Wormbase
(www.wormbase.org).
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thus was not assayed. To assess whether other sex-enriched
mRNAs we detected might be regulated directly by TRA-1,
we conducted genome-wide sequence searches for genes
near potential TRA-1 binding sites and examined their
expression in the microarray data.
The preferred TRA-1 DNA binding site identified by in
vitro selection methods agrees well with sites used by TRA-1
to regulate transcription of mab-3 and egl-1, its only
confirmed somatic targets (Conradt and Horvitz, 1999; Yi
et al., 2000; Zarkower and Hodgkin, 1993). We therefore
searched the C. elegans genome sequence using a weighted
matrix search with each position scored for its match to the
preferred base at that position, based on the in vitro selection
data. This strategy identified 362 (high stringency) or 1176
(lower stringency) genes located near potential TRA-1
binding sites including, as expected, mab-3 and egl-1 (M.
Sohrmann and K.T., unpublished data). However, of the
genes identified by microarray analysis as having sex-
enriched somatic expression in larvae, only four are located
near a sequence that closely matches the TRA-1 binding
consensus. Of these, only one (R03H10.4) showed male-
enriched reporter gene expression. These findings suggest
that most of the genes we identified are indirect targets of
TRA-1 regulation.Discussion
We have used genome-wide DNA microarray analysis to
profile sex-enriched gene expression during C. elegans
larval development. This experiment has identified a
number of larval mRNAs, expressed both somatically and
in the germ line, whose abundance differs between the
sexes. By analyzing larval gene expression, these profiles
extend the analysis of sex-differential gene expression in the
germ line and the soma into the time period during which
sexual development occurs. We identified 271 larval sex-
enriched somatic mRNAs, most of which are differentially
expressed in L4. This is fewer than the 890 sex-enriched
somatic mRNAs previously identified in adults (Reinke etal., 2004), possibly reflecting more extensive anatomical
and physiological differences between adults of the two
sexes relative to larvae. We validated the microarray data
and confirmed male-enriched L4 expression of a number of
genes using GFP reporters. We also identified a number of
L4 hermaphrodite-enriched somatic mRNAs. It is likely that
we have identified a significant proportion of sex-enriched
larval mRNAs, particularly at the L4 stage, as our analysis
detected more than half of the previously identified sex-
enriched mRNAs examined, as well as many new ones. As
discussed below, this approach doubtless misses many
regulators of sexual development, particularly those whose
regulation is post-transcriptional, but it should provide a
useful resource for the study of sexual dimorphism.
In comparing sex-enriched mRNAs detected at different
stages, two results are striking. First, we detected many
more sex-enriched somatic mRNAs expressed during L4
than during earlier stages. Second, there was very little
overlap in differentially expressed mRNAs detected at L4
versus earlier larval stages, whereas a majority of the
somatic sex-enriched mRNAs we detected at L4 also were
sex-enriched in adults. From these results, it appears that a
small number of sex-enriched genes mediates sexual differ-
entiation in early larvae and a larger and distinct group of
mRNAs mediates sexual differentiation in later larvae.
By analyzing sex-enriched mRNAs at earlier stages, this
work addresses a possibility raised by previous studies of
adult sex-enriched mRNAs. Jiang et al. (2001) identified 37
sex-enriched adult mRNAs encoding transcription factors
and suggested that these might form the regulatory
hierarchy acting downstream of TRA-1 to control sexually
dimorphic gene expression. Our work suggests that this is
unlikely, as none of the mRNAs showed sex-enriched
expression during larval development, when sexual dimor-
phism is being established. Rather, the adult sex-enriched
transcription factors may control very late aspects of sexual
differentiation or sex-specific adult physiological processes.
TRA-1 is active primarily in hermaphrodites and, at least
in regulating mab-3 and egl-1, it functions to repress
transcription of genes that otherwise would promote male
differentiation. We identified many more male-enriched than
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with the view that TRA-1 acts in hermaphrodites to suppress
male programs of gene expression that include the genes we
identified. Other than mab-3, however, most of these genes
appear to be indirect targets, as they are not located near
conserved consensus TRA-1 binding sites. Reporter gene
analysis suggests that our failure to find additional direct
TRA-1 targets probably is not a consequence of low
sensitivity of the microarray platform. Although some
reporter patterns may not represent the full expression of
the endogenous genes from which they are derived, it was
nevertheless striking that many reporters had highly
restricted expression. Thus, the microarrays successfully
detect genes expressed in small numbers of cells.
Based on studies of TRA-1 transcriptional regulation, we
suggest that the lack of direct TRA-1 targets in our
collection of sex-enriched mRNAs may instead stem from
the way TRA-1 controls gene expression. The two known
direct somatic targets of TRA-1, mab-3 and egl-1, are both
expressed in a variety of cells in both sexes, but also are
expressed sex-specifically in certain cells due to transcrip-
tional repression by TRA-1. TRA-1 appears to bind near
tissue-specific enhancer elements and block their function
in hermaphrodites. In the case of mab-3, TRA-1 binds near
an intestinal enhancer and blocks its function, without
affecting expression in the hypodermis or nervous system
(Yi et al., 2000). Regulation of egl-1 transcription appears
similar, with TRA-1 binding a site downstream of the
coding region and preventing expression in the HSN
neurons, without affecting egl-1 expression in other cells
that undergo apoptosis in both sexes (Conradt and Horvitz,
1999).
Short-range transcriptional repression can enable a
widely expressed regulator like TRA-1 to control individual
target genes only in specific cell types. It also may confer
evolutionary flexibility by allowing a protein like TRA-1 to
‘‘sample’’ regulation of new genes by the simple acquisition
of a TRA-1 binding site near a relevant enhancer element
(Zarkower, 2001). Unfortunately, regulation of this sort is
likely to be refractory to expression-based screens because
many target genes will not show sex-enriched expression in
enough cells for the overall sex enrichment to be detectable.
mab-3 may be an exception: it is male-specifically
expressed in the intestine, but not in the lateral hypodermis
and some neurons. The intestine is a large organ relative to
the lateral hypodermis, and we did detect mab-3 mRNA as
male-enriched. By contrast, genes like egl-1 that are
expressed sex-specifically only in a small proportion of
cells will be much harder to detect. The work presented here
suggests that other TRA-1 targets may similarly show sex-
specific expression only in a part of their overall expression
domain.
Another factor that may render direct TRA-1 targets hard
to detect in expression-based screens is the timing of TRA-1
action. If TRA-1 serves primarily to initiate sex-specific
development in particular lineages, its direct targets may beexpressed only transiently before triggering the expression
of other downstream sexual regulators. When, and for how
long, TRA-1 functions in a given cell lineage could greatly
affect the ease of identifying TRA-1 targets. In the case of
the intestine, male-specific expression of mab-3 occurs from
L3 onwards and is required to prevent yolk expression
throughout adulthood (Shen and Hodgkin, 1988; Yi et al.,
2000). Elsewhere, however, TRA-1 may act earlier, more
transiently, and in fewer cells, making the directly regulated
mRNAs much harder to detect. Testing when TRA-1
activity is required has been difficult, as there are no
conditional alleles of tra-1. In Drosophila, however, it is
clear that two modes of sexual regulation are employed. The
sex determination hierarchy acts directly on the fat body in
adults to regulate yolk protein gene transcription, but acts
earlier elsewhere, having only indirect effects on the later
establishment of sexual dimorphism in those tissues
(reviewed by (Christiansen et al., 2002). In a recent study
by Baker and colleagues, of eleven adult sex-differentially
expressed Drosophila mRNAs tested, none responded
directly to the sex determination hierarchy, further indicat-
ing that most of the direct regulation in that species is likely
to occur earlier (Arbeitman et al., 2004). Methods that can
assay differential expression in selected cells should
eventually identify many of the early direct TRA-1 targets.
(Roy et al., 2002; Zhang et al., 2002).
Analysis of the larval sex-enriched somatic mRNAs we
have identified reveals several aspects of sexual differ-
entiation in C. elegans. First, the proportion of sex-differ-
entially expressed genes appears to be relatively small in
larvae, especially compared to adults. Second, distinct
groups of genes are differentially expressed during different
stages of larval development. Third, most of the genes we
identified are likely to be indirectly regulated by the global
sex determination hierarchy, suggesting that TRA-1 acts via
an intermediary group of direct targets rather than by direct
control of all genes involved in sexual differentiation. Our
observations may indicate that the number of direct TRA-1
targets is small, that our methods do not effectively detect
direct targets, or both. Our analysis also revealed that genes
with sex-enriched expression in larvae are randomly
distributed along chromosomes, and are expressed in a
variety of tissue types and lineages. Finally, we did not
detect any enrichment in functional categories for the
encoded gene products.
Further study will be needed to determine what role the
genes we have identified play in establishing the sexually
dimorphic features of the adult. However, as markers of
sexually dimorphic cells in the developing male, the
reporters we generated have immediate utility. For example,
using the K09C8.2 reporter, we performed a genetic screen
for regulators of male gonadal development that identified,
among others, the fkh-6 gene (Chang et al., 2004).
Combining molecular and genetic approaches in similar
ways should lead to a much better understanding of how
sexual dimorphism is generated.
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